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Abstract 
Exfoliated  graphite  was  prepared  with  the  method  of  secondary  intervening.  The  results  showed  that  the  optimum 
conditions  for the procedure were as follows: mass ratio of nature flake graphite: sulfuric acid: nitric acid: potassium 
permanganate  =1:9:3:0.44  and  immersing  time  in  formic  acid  was  150  minutes.  Exfoliated  graphite  with  300  mL/g 
exfoliation volume at 900C was obtained. The prepared sample in the best process condition was characterized by means 
of scanning electron microscopy (SEM), thermogravimetry and differential thermal analysis (TGA-DTA), infrared ray 
spectrum (IR) and X-ray diffraction (XRD). After secondary intervening, the layer distance of expandable graphite was 
enlarged and the boundary layers were broken. Exfoliated graphite was worm-like and graphite layers were held together at 
their edges, and the expanded domain had a multilayer structure with many diamond-shaped pores. Sulfuric acid, nitric acid 
and formic acid were intercalated into graphite, and the decomposition of exfoliated graphite at 900C was mostly derived 
from graphite intercalation. Crystalline of graphite was damaged because of oxidation intercalation, but the C-C bond was 
not undermined. Furthermore, oxidation intercalation process and mechanism were discussed. 
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1. Introduction 
 
Exfoliated  graphite  (EG)  is  a  low  density 
carbon  material  having  a  series  of  unique 
properties:  stability  to  aggressive  media, 
developed  specific  surface,  compatibility, 
flexibility, and so on [1-4]. Therefore, EG is a 
promising material both for research work and 
for  industrial  applications  [5-7].  Recently,  it 
attracted our attention because of its excellent 
electrical  conductivity  and  low  percolation 
threshold  as  conductive  ﬁller  in  polymer 
composites  [8–15].  The  properties  depend 
strongly on the pore characteristics [16] such as 
exfoliation volume, which was believed to be 
governed  by  the  starting  expandable  graphite 
and  exfoliation  temperature  [4].  In  order  to 
improve  the  quality,  the  new  processing 
method of secondary intervening is developed 
[17]. The objective of the present  work is  to 
find the optimum condition to produce EG that 
has a large exfoliation volume. 
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Natural flake graphite (NFG) particles with 
99.9  wt.  %  carbon  content,  potassium 
permanganate (AR, 99.99 wt. %), sulfuric acid 
(AR, 98 wt. %), formic acid (AR, 88 wt. %), 
peroxide (AR, 30 wt. %) and nitric acid (AR, 
65 wt. %). 
 
2.2. Preparation of EG 
The concentration of sulfuric acid (AR) was 
diluted to 80.0 wt. % and cooled. The mixed 
acid  was  prepared  with  diluted  sulfuric  acid 
and nitric acid. 5g NFG and a certain amount 
of KMnO4 were added to this solution, and the 
mixture  was  stirred  for  50  min.  During  this 
time,  a  nitric  acid/  sulfuric  acid/graphite 
intercalation  compound  formed.  After  water 
washed, the graphite was immersed in formic 
acid for the secondary intervening. Formic acid 
was  intercalated  into  graphite  in  this  period. 
Afterwards, the resulting mixture was washed 
with water, the precipitate was filtered off and 
the  prepared  sample  was  dried  at  60C.  The 
resulting  expandable  graphite  was  then 
transferred into a furnace at 900C to produce 
EG. 
 
2.3. Characterization 
Scanning  electron  microscopy  (SEM) 
images  were  collected  by  Quanta200  SEM. 
Thermal  gravimetric  and  differential  thermal 
analysis  (TG-DTA)  data  was  collected  by 
DTG-60H.  Infrared  ray  (IR)  spectrums  were 
collected by Nicolet 5DX-IR. X-ray diffraction 
(XRD)  measurements  were  conducted  by 
Shimadzu XRD-6000. 
 
3. Results and discussion 
3.1.  Effect  of  processing  condition  on 
exfoliation volume 
3.1.1. Effect of composition of mixed acid 
Fig. 1(A) shows the effect of composition of 
mixed  acid  on  exfoliation  volume,  where  the 
mass ratio of mixed acid, KMnO4 and NFG is 
12:0.44:1 and immersing time is 150 min. As 
shown in Fig. 1, the mass ratio of nitric acid to 
sulfuric  acid  inﬂuences  on  the  exfoliation 
volume, this could be explained by the function 
of nitric acid. Nitric acid as a critical additive 
adjusts the oxidizing capacity of system. It is 
well known that the nature of KMnO4 largely 
depends  on  the  acidity  of  solution.  In  the 
absence of nitric acid, KMnO4 in sulfuric acid 
would perform an  extremely  strong oxidizing 
capacity,  and  the  graphite  would  be  over 
oxidized at the beginning of reaction. However, 
excessive nitric acid diminishes the oxidizing 
capacity  of  sulfuric  acid.  In  summary,  nitric 
acid in proper amount is required to obtain a 
high  exfoliation  volume  while  the  excessive 
amount should be avoided. 
 
3.1.2. Effect of amount of mixed acid 
When the mass ratio of KMnO4 to NFG, the 
mass  ratio  of  nitric  acid  to  sulfuric  acid  and 
immersing time are 0.44:1,  1:3 and 150 min, 
respectively,  the  effect  of  amount  of  mixed 
acid  on  exfoliation  volume  is  shown  in  Fig. 
1(B). The saturation point of 60g is observed 
beyond which the exfoliation volume begins to 
decrease.  When  the  amount of  mixed  acid  is 
too  large,  the  consistency  of  oxidants  is  cut 
down, so large exfoliation volume could not be 
acquired.  When  the  amount of  mixed  acid  is 
too small, NFG could not be saturated by the 
liquid,  thus  the  layers  of  NFG  could  not  be 
intercalated by mixed acid completely. Z. Shengtao et al / Int. J. Ind. Chem., Vol. 2, No. 2, 2011, pp. 123-130 
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Fig. 1. Effects of (A) composition of mixed acid, (B) amount of mixed acid, (C) amount of KMnO4  
and (D) reaction time on exfoliation volume. 
 
3.1.3. Effect of amount of KMnO4 
When the mass ratio of NFG:H2SO4:HNO3 
is 1:9:3 and immersing time is 150 min, Fig. 
1(C) reveals the effect of amount of KMnO4 on 
exfoliation  volume  The  optimum  quantity  is 
2.2  g  With  the  decrease  of  the  quantity  of 
KMnO4  used  in  the  reaction,  the  exfoliation 
volume decreases rapidly. The reason for this is 
that the amount of KMnO4 in the reactants is 
too  small  and  the  reaction  among  graphite 
layers  is  incomplete.  However,  excessive 
KMnO4 would lead to over oxidization and get 
a smaller volume. 
 
3.1.4.  Effect  of  immersing  time  in  formic 
acid 
Fig.  1(D)  shows  the  effect  of  immersing 
time  on  exfoliation  volume,  when  the  mass 
ratio  of  NFG:  H2SO4:HNO3:KMnO4  is 
1:9:3:0.44.  When  the  immersing  time 
increases,  the  exfoliation  volume  rises 
gradually  from  30  to  150  min.  The  biggest 
volume is 300 mL/g at 150 min. The reaction 
of  secondary  intervening  has  attained  the 
saturation  or  equilibrium  state  after  150  min 
because  the  exfoliation  volume  keeps 
unchanging for a further immersing time, even 
as long as 240 min. 
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3.2. Characterization 
3.2.1. SEM analysis 
SEM micrographs of (A) NFG (×1.0 k), (B) 
expandable  graphite  (×1.0  k)  and  (C,  D)  EG 
(×100  and  ×500)  obtained  via  the  optimum 
method above are shown in Fig. 2. Comparing 
(A) to (B), the layer structure of NFG is regular 
and  the  layer  distance  is  small  in  (A).  After 
secondary  intervening,  the  layer  distance  has 
been enlarged and the boundary layers of (B) 
have been broken. When heating at 900C, an 
apparent  volume  change  of  the  expandable 
graphite is observed. It can be seen in (C, D) 
that  EG  is  worm-like  or  accordion-like  and 
graphite layers are held together at their edges. 
It  is  clear  that  the  exfoliated  domain  has  a 
multilayer  structure  with  many  diamond-
shaped pores. 
 
A 
 
B 
       
C  D 
 
Fig. 2. SEM micrographs of (A) natural flake graphite, (B) expandable graphite and (C, D) exfoliated graphite. 
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3.2.2. TG-DTA 
Fig.  3  displays  thermal  analysis  data  for 
NFG  and  expandable  graphite.  TGA  curves 
show a one-step weight loss attaining 23.88 wt. 
% between 700 and 1000C for NFG and a two-
step weight loss attaining 73.53 wt. % between 
230  and  1000C  for  expandable  graphite. 
Thermal event in expandable graphite occurs at 
a lower temperature (230–530C), which points 
to  a  lower  stability  due  to  the  intercalation 
decomposition  of  expandable  graphite.  DTA 
curves of NFG and expandable graphite differ 
markedly. The endothermic peak of expandable 
graphite between 230 and 850C is greater than 
that of NFG, which is evidence for the removal 
of intercalation from expandable graphite. So it 
can  be  confirmed  that  the  decomposition  of 
expandable graphite in the furnace of 900C is 
mostly derived from intercalation. 
 
   
A 
 
B 
 
Fig. 3. TGA and DTA data for (A) natural flake graphite and (B) expandable graphite. 
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3.2.3. IR spectra analysis 
Fig. 4 shows the IR spectrums of NFG (A), 
expandable  graphite  without  secondary 
intervening  (B)  and  the  resulting  expandable 
graphite (C). The absorption peaks at 3435 and 
1569 cm
-1 are derived of adsorbed water from 
NFG. The sharp peak at 1384 cm
-1 is ascribed 
to NO
- 
3 Peaks at 603 and 1080 cm
-1 belong to 
SO
2-
4  Comparing  (B)  to  (C),  the  absorption 
peaks at 973, 1233 and 1635 cm
-1 appeared in 
(C) are assignable to formic acid. IR spectrums 
confirm  that  sulfuric  acid,  nitric  acid  and 
formic acid are intercalated into graphite after 
secondary intervening. 
 
3.2.4. XRD analysis 
XRD patterns of NFG (A) and expandable 
graphite  (B)  are  shown  in  Fig.  5.  The  sharp 
reflection  peak  at  2θ=26.2°  appears  in  both 
NFG and expandable graphite, which suggests 
that  the  C-C  bond  of  graphite  is  not 
undermined by oxidation and intercalation. But 
diffraction  peak  intensity  of  expandable 
graphite is much lower than that of NFG. NFG 
shows  a  great,  sharp  and  symmetrical  peak 
shape  because  of  its  high  crystallinity.  After 
oxide  intercalation,  crystal  defects  increase, 
crystallinity  decrease  and  diffraction  peak 
intensity decrease. The medial strength feature 
diffraction  peak  of  expandable  graphite  at 
2θ=28.5º  is  also  determined  by  the  damaged 
graphite crystalline. 
 
 
Fig. 4. IR spectrums of (A) natural flake graphite, (B) expandable graphite without secondary intervening and  
(C) the resulting expandable graphite. 
 
3.3. The process and mechanism of reactions 
Reticular  planar  macromolecules  of  the 
graphite  layer  are  positively  charged  in  the 
presence of the oxidant. Due to the distortion of 
conjugate system and the exclusive function of 
positive  charge,  the  gap  between  graphite 
layers is extended. Under these conditions, free 
radicles (even polymer [18]) could intercalate 
into  graphite.  The  reactions  consist  of  three 
steps as shown in the following: 
(a)  Electrode  potential  may  be  estimated 
according to Nernst equation, φ (MnO
-
4/MnO2) 
= 1.74 V, φ (NO
-
3/NO2) =0.91 V, φ (SO
2-
4/SO2) 
=0.37 V. KMnO4 is used as main oxidant for its Z. Shengtao et al / Int. J. Ind. Chem., Vol. 2, No. 2, 2011, pp. 123-130 
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higher  electric  potential  with  high 
concentration of H
+ (or H3O
+). Nitric acid and 
sulfuric  acid  also  can  react  with  graphite  if 
KMnO4 is not sufﬁcient or oxidizing capacity 
of  KMnO4  decreases.  Moreover,  KMnO4  is 
unstable  in  acidic  solution  and  brown  MnO2 
can be produced easily. The reaction equations 
are: 
d Re C O C n X n      
O H 2 O 3 MnO 4 H 4 MnO 4 2 2 2 4         
 
(b)  The  distance  between  graphite  layers 
increases due to exclusion of the same positive 
charge. The opposite charge attraction  results 
in  the  intercalation  of  NO
-
3
  and  SO
2-
4  into 
graphite. The main intercalating reactions are: 
 
3 3 n 3 3 n mHNO NO C mHNO NO C          
4 2
2
4 n 4 2
2
4 n SO nH SO C SO nH SO C          
 
Insoluble  MnO2  precipitate  in  the 
expandable graphite and could not be washed 
away.  Thereby,  peroxide  should  be  added  to 
remove by-product MnO2. 
 
O H 2 O Mn H 2 O H MnO 2 2
2
2 2 2          
O H 8 O 5 Mn 2 H 6 O H 5 MnO 2 2 2
2
2 2 4         
 
(c)  Intercalation of NO
-
3
 and SO
2-
4 increases 
distance  between  graphite,  creating  good 
conditions for the intercalation of formic acid 
molecule. The molecule of formic acid is small 
in size with smaller steric hindrance. Besides, 
ion-dipole  bonding  can  be  formed  between 
formic acid with C
+ 
n  because formic acid is a 
polar molecule. Thus it is easy for formic acid 
to be intercalated into graphite. 
 
aHCOOH mHNO NO n C aHCOOH mHNO NO n C         
3 3 3 3  
bHCOOH SO nH SO n C bHCOOH SO nH SO n C         
4 2
2
4 4 2
2
4  
 
   
A  B 
Fig. 5. XRD patterns of (A) natural flake graphite and (B) expandable graphite. 
 
 
4. Conclusions 
Exfoliated  graphite  can  be  easily  prepared 
via the method of secondary intervening. When 
the mass ratio of NFG:H2SO4:HNO3:KMnO4 is 
1:9:3:0.44 and immersing time in formic acid is 
150 min, the largest exfoliation volume of 300 
mL/g at 900C is obtained. SEM micrographs 
show that the exfoliated domain of exfoliated 
graphite  has  a  multilayer  structure  with 
multiple diamond-shaped pores. TG-DTA and 
IR analysis of expandable graphite lead to an 
important conclusion: sulfuric acid, nitric acid Z. Shengtao et al / Int. J. Ind. Chem., Vol. 2, No. 2, 2011, pp. 123-130 
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and formic acid are intercalated into graphite. 
In this paper, the decomposition of graphite in 
the furnace of 900 C is mostly derived from 
intercalation.  XRD  analysis  reveals  that 
crystalline of natural flake graphite is damaged 
after  oxide intercalation, but the C-C bond is 
not undermined. 
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